Abstract-Ribosomal proteins (RPs) are constituents of ribosome important for protein biosynthesis but likely to have extraribosomal functions. Many RPs are associated with various diseases and cancers. A previous study reported RPL27, RPL37a and RPL41 gene to be downregulated in nasopharyngeal carcinoma (NPC) derived cell lines compared to their normal counterpart. However, their actual physiological roles in organogenesis or tumorigenesis have not been properly defined. In this paper, we report on the findings of structural prediction of these three genes and infer their interactions with other proteins using structural neighbor prediction and molecular docking strategies. Our results revealed that RPL27 interact with SYNJ2 and UBC9. RPL27 is predicted to mediate RNA binding protein and deregulate sumolyation. RPL37a is suggested to interact with CTNNB1, SCMH1 and ATBF1. It is predicted to deregulate Wnt degradation pathway, inhibit β-catenin migration and regulate homeotic transcription. Our studies on RPL41 did not allow logical inference on possible interacting factors. Nevertheless, results on RPL27 and RPL37a provide rational data for the elucidation of their molecular activities.
I. INTRODUCTION Ribosomal proteins (RPs) are important ribosomal subunits assembled for protein biosynthesis. Disruption in this process has been associated with deregulated cell growth and altered cell cycle [1] , [2] . Ribosomal proteins are structurally distinct and independent polypeptides [3] . Several of them have been found to possess extraribosomal functions that modulate function of important regulatory proteins. Some can even translationally control their targets outside the ribosome [1] , [4] .
Ribosomal protein genes have been associated with colorectal carcinoma [5] . Recent studies showed that the ribosomal protein large subunit (RPL) genes of RPL27, RPL37a and RPL41 are significantly downregulated in cell lines derived from nasopharyngeal carcinoma (NPC) compared to a derivative from normal nasopharyngeal epithelium [6] , [7] . However, limited studies on protein-protein interaction activities have made the understanding of their extraribosomal roles difficult. One reason may be the unavailability of experimental structures due to difficulties in obtaining ribosome component structures [8] , [9] .
To overcome this problem, our study incorporated bioinformatics approach to understand these three proteins. Three-dimensional (3-D) protein models of these proteins was constructed and served as template to search for structural neighbor.
By the assumption that close homologs or analogs almost always interact in the same way [10] , interaction models of queried proteins can be extrapolated from known protein behaviors of their structural neighbors with interacting partners. To strengthen our inferences, RPL models were also docked to their candidate partners to further predict RPL functions through their putative interaction sites. Docking is an amenable method to overcome difficulties in crystalizing and modeling transient complexes [11] . The interaction sites evident from other experiments aid to infer RPL functions. As a result of our endeavor, we revealed novel extraribosomal functions for RPL27 and RPL37a.
II. METHODOLOGY

A. Multiple sequence alignment
Protein sequences of human RPL27, RPL37a and RPL41 were retrieved from Ribosomal Protein Gene (RPG) database [12] . The protein identifiers used are: NP_000979 for RPL27, NP_000989 for RPL37a and NP_001030344.1; NP_0667927.1 for RPL41. PSI-BLAST search for each query RPL sequences against Protein Data Bank (PDB) was performed using default parameter to search for templates. For RPL41, the parameter was altered to accommodate short sequence. Template structures with expected value (e-value) above threshold for high sequence identity and structure resolution were selected for multiple sequence alignment. The selected templates were aligned with their respective target sequences using ClustalX program [13] . Protein weight matrix used was from BLOSUM series while clustering algorithm was UPGMA algorithm.
B. Comparative Modeling
SWISS-MODEL workspace [14] was used to build RPL models. RPL27-template alignments were submitted to SWISS-MODEL server pipeline with 3U5E_Z (PDB ID) as structure template. Using the same alignment mode, RPL37a was modeled with 4A17_Y (PDB ID). In contrast, RPL41 was modeled via project mode by structurally aligning 3IZS (PDB ID) to RPL41 raw protein sequence in SPDBV 4.0.1 [15] . Quality of the generated models was evaluated by Qualitative Model Energy Analysis (QMEAN6) [16] and PROCHECK [17] from SWISS-MODEL workspace. Models presenting an average QMEAN6 score higher than 0.5 were selected for further analysis.
C. Protein-protein Interaction Prediction
The protein models were searched against medium redundancy subset of PDB structures for structural neighbors using Vector Alignment Search Tool (VAST) [18] . The outputs were filtered for human proteins only. The interacting partners to structural neighbors were retrieved from IntAct database [19] . Number of candidate partners for docking was narrowed down based on similarity in sequence patterns using PROSITE search [20] .
ClusPro 2.0 server [21] was used to dock RPL model to candidate partners. RPL model was input as receptor and candidate partners as ligand. The returned dock complexes were evaluated based on cluster and energy score. Bound structures to other structures or ligands were excluded for docking. Using SPDBV4.0.1, root mean square distance (r.m.s.d.) was computed when the complex superimposed with their respective unbound structures. Molecular surface of dock complex was scanned for potential interaction sites based on interface contact residues (5-7Å).
III. RESULTS AND DISCUSSION
A. Analysis of the Multiple Sequence Alignment
From RPL27sequence alignment (Fig. 1 ), PfamA search [22] found Kyprides, Woese and Ouzounis (KOW) motif [23] with e-value of 4.1e-06. The motif is in the boundary of residue 7-43 with highest confidence score indicated in grey.
RPL37a alignment (Fig. 2) however, revealed CX 2 CX 11 , 14 CX 2 C sequence motif similar to zinc ribbon motif [24] . The motif was characterized by two zinc knuckle motif [25] . Meanwhile, RPL41 alignment shows mainly basic arginine and lysine residues. 
B. 3-D Protein Models of RPL27, RPL37a and RPL41
RPL27 model ( Fig. 3(a) ) gives a QMEAN6 score of 0.605 and Z-score of -1.491 (see Table I ). PROCHECK, Ramachandran plot analysis shows that 78.3% of the total residues are in core regions and three residues (Arg17, Lys59 and Arg102) in disallowed high energy regions (see Table II ). Comparison between RPL27 and Haloarcula marismortui L24 (PDB ID: 1JJ2_S) (r.m.s.d. 1.03Å for 41 C α atoms) reveals KOW motif embedded as a conserved fold ( Fig. 4 (a) ). The motif region encompasses the first two strands and their adjacent loops. This motif is most commonly found in microbial L24, eukaryotic RPL26e, RPL27e and bacterial transcription antitermination factor NusG. Moreover, it is mainly implicated in RNA interactions [23] . Nevertheless, the KOW motif was suggested to bind not only to nucleic acids but also to proteins at different surfaces [28] .
(a) (b) Fig. 4 (a) . Superimposition of RPL27 (yellow) and Haloarcula marismortui L24 (blue). KOW element in L24 was shown in red. (b) Zinc beta ribbon motif in RPL37a model. Primary β-hairpin is in yellow while secondary in purple. Zinc-knuckles were ball-and-stick presentation of cysteine backbone and side chains (blue).
For RPL37a model (Fig. 3(b) ), the QMEAN6 score is 0.501 and -1.944 for z-score (see Table I ). The Ramachandran plot analysis shows that 91.2% of the total residues are in the core region (see Table II ). When computed for electrostatic potential, the C-terminal helix from residue
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86-92 was detected to be highly negatively charged compared to the rest of the protein. Additionally, zinc beta ribbon motif is distinguished from the three antiparallel β-strands and two pairing knuckles in the model (Fig. 4 (b) ). The two β-hairpins namely primary and secondary β-hairpins as well as the conserved cysteine residues form knuckles, presumably for zinc binding. Q-MEAN6 score is the composite score of all the terms in linear with estimated model reliability between 0-1. C_beta interaction and all-atom pairwise energy refer to two distance-dependent potentials. Solvation potential investigates the burial status of the residues. Torsion angle potential indicates over three consecutive amino acids in local geometry. Secondary structure and solvent accessibility agreement are percentage of agreement between predicted and measured features from sequence to model [29] . PROCHECK statistical data checks stereochemical quality for RPL27, RPL37a and RPL41 generated from SWISS-MODEL. The different regions correspond to Ramachandran plot [30] . Bad contacts refer to deviation with neighboring residues. G-factors provides measure of how "normal" or "unusual" a given stereochemistry property in terms of torsion angles and covalent geometry. M/c or main chain bond lengths and angles refer to percentage of agreement to accurate bond and angle parameters. Planar region is percentage of planarity agreement in different planar groups according to r.m.s.d. [17] .
RPL41 ( Fig. 3 (c) ) has a QMEAN6 score of 0.588 and a z-score of -0.174 (see Table I ). Ramachandran plot analysis indicates that 87% of total residues are in the core regions (see Table II ). The final model of RPL27, RPL37a and RPL41 was subjected to docking simulations.
C. Structural Neighbors and Candidate Partners
Our results revealed 67 structural neighbors for RPL27 and 48 structural neighbors for RPL37a using VAST. Only RPL41 did not return any result for VAST. RPL41 model has two helices. VAST calculation was not done on protein fewer than three secondary structural elements (SSEs). From IntAct database, RPL27 structural neighbors identified 588 binary protein-protein interactions whereas there are 312 binary interactions for structural neighbors of RPL37a.
In addition, we found matches between known partners of RPL from IntAct database and their VAST structural neighbors. The matches are GABARAPL1 (Uniprot ID: Q9H9R8) and GRB2 (Uniprot ID: P62933) for RPL27; RIF1 (Uniprot ID: Q5UIP0) and PSTPIP1 (Uniprot ID: O43586). This validated our RPL models as functional models.
We excluded all interacting partners with "spoke" as expansion method. "Spoke" expansion linked the bait molecule to all prey molecules in co-complex when the real complex might be linked to a smaller complex owing to potential false positives [19] . This allowed us to narrow down our analysis of the hundreds of interacting partners to a few candidate partners based on most similar PROSITE patterns of VAST structural neighbors with RPL model (see Table III ). Their degrees of association are from identified recurring signatures, particularly domain which should mediate interactions [31] . PROSITE that is integrated with ProRule provides functional annotation associated to specific domains. In particular, biological meaningful sites such as, binding sites or active sites [32] .
D. RPL-candidate partner Dock Models
The ClusPro 2.0 returned top ten dock models for RPL27 and RPL37a. The best of top ten dock models were selected primarily based on biggest cluster size. The model energy scores and r.m.s.d. are fairly consistent (see Table III ). [10] . Hence, we describe the dock model and their predicted functions postulated from their interactions.
RPL27/SYNJ2 (PDB ID: 1UFW)
Synaptojanin 2 is a protein involved in recycling of synaptic vesicles by endocytosis with complex of proteins or lipid substrates [33] . However, 1UFW is only the RNA binding protein (RNP) domain of the protein. The four antiparallel β-sheets or β-barrel make up the core region important for nucleic acid interaction. From the dock model, only β1 of RPL27 KOW motif shows contact (<5Å) with a few residues of SYNJ2 β-barrel (Fig. 5) . Despite that, the β-barrel still has an open-face for other interactions. Evidence of KOW-containing proteins (such as NusG and Spt5) that can mediate ribosome and RNP activities via interaction with latter has been proven in studies by Steiner et al. (2002) . This leads us to predict that RPL27 mediates RNP activity. 
RPL27/UBC9 (PDB ID: 1A3S)
RPL27 docked to small ubiquitin-like modifier (SUMO) -conjugating enzyme E2. SUMO proteins are involved in post-translational modification. Ubiquitin carrier protein 9 (UBC9), in particular, plays an essential role in conjugation of SUMO1 to RanGAP1 [34] . Unlike ubiquinating enzyme, target proteins of SUMO proteins do not lead to degradation by proteasome but their interaction with SUMO proteins leads to a diverse array of functions including subcellular localizations, protein/DNA interactions and enzymatic activities [35] . Sumoylation is carried out by many ribosome biogenesis factors, particularly the preribosomal particles that are found in the small and large ribosomal subunit synthesis pathways. In fact, early stage of large ribosomal subunit biogenesis and export are linked to SUMO conjugation [36] .
The UBC9 contains a αβββββ(ββ)ααα motif named UBC superfold [37] . From the dock model, UBC9 is shown to interact with Lys22 and Lys52 (5 Å) of RPL27 (Fig. 6) which is a characteristic of SUMO protein attachment and modification to substrate [37] . RPL27 is also found to be in contact (7 Å) with the conjugation catalytic site of UBC9, Cys93 (Fig. 6) . Therefore, we suggest RPL27 as a SUMO target protein. Modification of these lysine residues might either antagonize or stabilize ubiquitin mediated proteolysis such as exhibited by IKBα [38] , MDM2 [39] , and RPS3 [40] .
Besides these, the RPL27-associated UBC9 sites include region important for HECT (Homology to E6AP C-terminus), RING (Really Interesting New Gene) domain of ubiquitin E3 ligase [41] , and secondary binding site for RanGAP1 [42] . The binding site for HECT and RING domain in UBC9 are N-terminal extensions of α1, loops between β2 and β3, β6 and α2. The α3 catalytic groove of UBC9 is the binding site for RanGAP1, SUMO1, and the UBC12-Nedd8 complex [42] .
Competitive binding experiments revealed UBC9 to be an E2 enzyme that dissociate with E1 before formation of E3 complex for sumoylation [43] which strengthens our postulation that RPL27 could deregulate sumolyation through formation of distinct complexes. 
RPL37a/CTNNB1 (PDB ID: 2Z6H)
Our docking analysis shows association of RPL37a with β-catenin (CTNNB1). Beta-catenin is a multi-functional protein that plays important roles in adherens junctions and Wnt signaling. Deregulation in Wnt signaling was usually associated with multiple diseases including various cancers [44] , [45] .
Our docking model reveals that a majority of residues of β-catenin from the Armadillo (ARM) domains 8-9 are in contact (<5 Å) with putative zinc ribbon of RPL37a. The ARM domains 11-12 together with C-terminal tail of β-catenin are in contact with C-terminal helix of RPL37a (Fig.  7) . It is plausible that they interact in a dynamic manner due to RPL37a"s attraction towards the highly negative N-and C-termini of β-catenin. Besides that, the ARM domains 3-8 have been identified to be a hotspot for Tcf-4, E-cadherin, APC and conductin [46] . Meanwhile, ARM domains 5-9 have been reportedly bound to extended groove-binding peptide of E-cadherin [47] , several Tcfs [48] , APC [49] , [50] and ICAT [51] , [52] . The grooves of the ARM domains limit their binding to many partners due to steric hindrance [46] , [53] . RPL37a might disrupt proper function of Wnt signaling pathway by competing with β-catenin for binding sites. Other than that, ARM domains 11 and 12 have been shown to interact with ICAT N-terminal helical domain, phosphorylated E-cadherin [47] and APC [49] . These suggest the involvement of RPL37a in the Wnt degradation pathway.
A recent study also indicates ARM domains 10-12 of the C-terminal tail of β-catenin to be active in the bidirectional transport activity when bound to specific nuclear pore complex (NPC) components [54] . Therefore, we predict that RPL37a might play another role in inhibiting migration of β-catenin within the cell. Coupled with the RPL37a-mediated deregulation of Wnt degradation complex, β-catenin level might accumulate in the nucleus which may lead to cell transformation and carcinogenesis [45] , [55] . 
RPL37a/SCMH1 (PDB ID: 2P0K)
Sex comb on midleg homolog 1 (SCMH1) is a repressor required to maintain the silenced state of the homeotic loci. This protein is also a constituent of polycomb repressive complex 1 (Prc 1) [56] . However, the 2P0K protein is only a fragment of SCMH1 which consists of two N-terminal Malignant Brain Tumor (MBT) repeats. The core of this domain is SRC homolog 3 domain (SH3)-like, and comprises a five-stranded β-barrel that has a C-terminal α-helix and a short β-strand. Although MBT repeat proteins have been shown to recognize methylated lysine residues on histones [57] MBT repeats might function as modules for binding with arginine residues of RPL37a (Fig. 8) . A similar situation to this is found in the structurally similar Tudor domain of survival motor neuron protein that binds to methylated arginine residues [58] . However, the overall interface contact between RPL37a and SCMH1 did not involve the zinc ribbon of RPL37a but only MBT2 of SCMH1 (Fig. 8) . 
RPL37a/ATBF1 (PDB ID: 2DA1)
2DA1 is solution structure of the first homeobox domain of AT-binding transcription factor 1 (ATBF1). It is a homeotic transcriptional regulatory factor that acts as a tumor suppressor [59] . The homeodomain consists of helix-turn-helix (HTH) fold with a hydrophobic core. Homeodomain is also known to make contact with DNA through C-terminal end of a third helix. In our case, the C-terminal tail of ATBF1 makes contact with α1 and C-terminal peptides of RPL37a (Fig. 9) .
Homeodomain-containing transcription factors often interact with other transcription factors and coactivators to enhance transcription activity by binding to the site adjacent to HTH motif [60] . Therefore, we predict that RPL37a regulates homeotic transcription by competing with other transcription factors and coactivators for binding sites within the homeodomain of ATBF1. 
IV. CONCLUSION
Comparative modeling is useful and capable of generating functional models for further analysis. In our case, the RPL27 and RPL37a 3-D models allowed us to identify structural neighbors via VAST analysis. Selected structural neighbors assigned candidate partners for docking to predict protein-protein interaction and functions of the RPL proteins studied. Our findings revealed novel plausible functions of these proteins. For example, RPL27 might mediate RNP and deregulate sumolyation whereas RPL37a might be involved in Wnt degradation pathway, inhibits β-catenin migration and regulate homeotic transcription. Information such as these will provide reference knowledge to design experiments that can accurately delineate the definitive physiological roles of RPL27 and RPL37a.
